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The adenovirus E1B 19K gene plays an essential role in transformation of primary rodent cells in cooperation with E1A
and in the inhibition of apoptosis during lytic infection. It has been shown that this E1B 19K protein is not necessary for
viral DNA replication in human cell lines, such as HeLa and KB. We reported here that the E1B 19K mutant viruses were
unable to replicate efficiently in a monocyte cell line, U937. Viral DNA synthesis and late gene expression were found to
be defective in U937 cells infected with E1B 19K mutants compared with wild-type virus. Early viral RNA splicing patterns
also differ between wild-type and dl337-infected cells. Furthermore, the defect in viral replication could be complemented
by dl312 virus defective in E1A expression 4 days after infection with E1B mutants, suggesting persistence of the E1B
mutant genome in the infected cells despite defective onset of the late phase of replication. These results imply that E1B
19K is required for efficient viral DNA replication in U937 cells. Inefficient DNA replication is also found in another monocyte
cell line, THP-1. q 1997 Academic Press
INTRODUCTION induce degradation of the host cell and viral DNA (deg
phenotype) in infected human cells (Pilder et al., 1984;
The early region 1 of adenovirus (Ad) located at the
Subramanian et al., 1984a; White et al., 1984b; White and
left 11.2% of the viral genome contains two distinct tran-
Stillman, 1987). Recently, it has been reported that E1B
scription units, E1A (map units 1.3 to 4.4) and E1B (map
19K protein prevents the cytolysis induced by certainunits 4.5 to 11.2). The gene products of the E1 region
external stimuli such as tumor necrosis factor a (Goodingare the tumor antigens of adenovirus responsible for the
et al., 1991; White et al., 1992) and anti-Fas antibodyinduction of cellular transformation in primary rodent
(Hashimoto et al., 1991), both of which have been showncells (reviewed in Branton et al., 1985; Shenk and Flint,
to cause cell death through apoptosis (Laster et al., 1988;1991). The E1A proteins activate transcription of other
Itoh et al., 1991). A known suppressor of apoptosis, theviral early genes during lytic infection and also regulate
bcl-2 protein, can substitute for the E1B 19K protein dur-transcription of some cellular genes (Berk et al., 1979;
ing adenovirus infection (Chiou et al., 1994; SubramanianNevins, 1981; Berk, 1986). The E1B gene encodes two
et al., 1995) and in transformation of primary rat kidneymajor proteins, 19K and 55K, which are both indepen-
cells in cooperation with E1A (Rao et al., 1992). Thus,dently capable of promoting transformation in coopera-
E1B 19K provides a survival function in virus-infectedtion with E1A (Bernards et al., 1986; Barker and Berk,
cells.1987; White and Cipriani, 1990; McLorie et al., 1991).
No appreciable difference is observed in viral DNAE1B 19K is associated with cytoplasmic and nuclear
synthesis between wild-type and 19K mutant viruses inmembranes and the intermediate filaments (Persson et
several cultured human cell lines (Pilder et al., 1984;al., 1982; White et al., 1984a; White and Cipriani, 1989).
White et al., 1984b, 1986; White and Stillman, 1987; Tell-The specific functions of 19K protein in viral lytic infection
ing et al., 1994). Although the 19K protein is not essentialhave not been established. However, E1B 19K gene mu-
for virus replication, 19K mutant viruses show a hosttants are viable and produce several phenotypes in in-
range phenotype for virus yields when they infect humanfected cells. Mutations in the 19K gene display enhanced
cells. The virus yields of 19K mutant viruses are similarcytopathic effect (cyt phenotype) and form large plaques
or at most 10-fold reduced compared with wild-type virus(lp phenotype) in HeLa, KB, and A549 cells (Pilder et al.,
in A549 and HeLa cells (Pilder et al., 1984; Telling et al.,1984; Subramanian et al., 1984b; White and Stillman,
1994), whereas the virus yield of 19K mutant viruses is1987; Telling and Williams, 1993). 19K mutant viruses
100-fold lower than that of the wild-type virus in KB cells
(Subramanian et al., 1984a). Thus, E1B 19K facilitates
1 To whom correspondence and reprint requests should be ad- virus production by preventing premature death of a vi-
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noids and tonsils (Rowe et al., 1953; Evans, 1958; Israel, the HindIII G fragment into the EcoRI and HindIII sites of
vector pGEM-7Zf(/) (Promega). Two E1B 19K mutations1962). However, adenoviruses grow poorly in human
lymphoid cells and the infected cells may become chroni- were generated from pAd5/HG. The in401 mutation was
produced by inserting a single base pair at nt 1716 incally infected by adenovirus type 5 (Ad5) or adenovirus
type 2 (Ad2) (Lambriex and Van der Veen, 1976; Faucon the E1B sequence using the same procedure for the Ad5
in1 mutant described by Telling and Williams (1993). Theand Desgranges, 1980; Andiman and Miller, 1982; Silver
and Anderson, 1988). We have shown previously that plasmid pAd5/HG was linearized by digestion with a
unique EcoNI site and the single-base 5* overhanginghuman monocyte cell lines are persistently infected by
Ad5 (Chu et al., 1992). Little is known of the control of ends were filled in with Klenow fragment and self-ligated.
The resulting plasmid pin401 contained a single AT baseadenoviruses replication in the lymphoid cells and mono-
cytes. During our investigation of the role of adenovirus pair insertion at the initiation codon ATG of E1B 19K
as determined by DNA sequencing. The plasmid pdl402early gene products in the replication of adenovirus in
human monocytes we observed that E1B 19K mutants contained a 60-bp deletion in the E1B coding region lo-
cated between nucleotide sequence positions 1715 andwere specifically defective in viral DNA replication in
human monocyte cell lines but not in other human cell 1774 of Ad5 DNA. This deletion was obtained by digest-
ing pAd5/HG with EcoNI and SacI and the overhanginglines. RT–PCR analysis showed that the steady-state vi-
ral early mRNA splicing patterns of 19K mutants in U937 ends were excised by T4 DNA polymerase and self-li-
gated. The resulting deletion junction was determinedcells are similar to that found in the early lytic phase in
HeLa cells. by DNA sequencing. In order to increase the frequency
of overlap recombination, the adjacent HindIII E fragment
was joined to the HindIII sites of pAd5/HG, pin401, andMATERIALS AND METHODS
pdl402, respectively. The final constructs contained the
Cells lines and viruses
left end 0 to 17.1 map units of Ad5 DNA. The wild-type
and the two mutated Ad5 DNA fragments from 0 to 17.1Human monocyte cell lines U937 and HL-60 were ob-
tained from Dr. Men-Fang Shaio and Dr. Wen-Kuan Yang, map units were liberated by digestion with EcoRI and
BamHI and then cotransfected with XbaI-digested dl337respectively. THP-1 and 293 cell lines were purchased
from the American Type Culture Collection. The 293 cells viral DNA into 293 cells by the calcium phosphate–DNA
coprecipitation method (Kingston et al., 1991). Four hourswere maintained in DMEM supplemented with nones-
sential amino acid, 10% fetal calf serum, and 50 mg/ml after transfection, the supernatant of the cell monolayers
was removed and the cells were overlaid with an agar-gentamicin. All the other cells were maintained in RPMI
1640 medium supplemented with 10% fetal calf serum containing MEM supplemented with 2% fetal calf serum.
Recombination between the wild-type 0–17.1 fragmentand 50 mg/ml gentamicin. Ad5 cells were obtained from
the American Type Culture Collection. Ad5 mutants dl337 with the large XbaI fragment of dl337 generated the dl501
virus containing the wild-type E1B sequence in the dl337and dl312 were provided by Dr. Thomas Shenk.
virus DNA background. Recombination between mutated
Virus infection of cells 0–17.1 DNA fragments with the large XbaI fragment of
dl337 generated the in401 and dl402 viruses, respec-The suspension cultures of cells were centrifuged and
tively. The resulting recombinant viruses dl501, in401,resuspended in 1 to 2 ml of RPMI medium. Adenovirus
and dl402 were plaque purified and screened by restric-was added at 20 PFU/cell. The virus titer was determined
tion sites analysis and then repurified by plaque forma-by plaque assay on 293 cells. After 1 hr incubation at
tion on 293 cells. The E1B mutations in in401 and dl402377, cells were cultured at 2 or 3 1 105 cells/ml in RPMI
as well as in dl337 did not affect the 55K protein in1640 medium supplemented with 2% fetal calf serum.
the same transcription unit, as shown by sequencing
analysis.Viral DNA isolation and analysis
Ad5 DNA in the infected cells was extracted by the
Immunofluorescent microscopymodified Hirt method (Wong and Hsu, 1990). DNA sam-
ples were digested with HindIII and separated by 1 or Control and virus-infected U937 cells were harvested,
1.5% agarose gel electrophoresis. After transferred to a washed with PBS, and overlaid on glass coverslips which
Hybond N membrane (Amersham), the blot was hybrid- were coated with poly-L-lysine. The cells were fixed in
ized with 32P-labeled whole viral DNA probe as described 4% paraformaldehyde in PBS for 30 min at room tempera-
previously (Maniatis et al., 1989). ture. The fixed cells were washed in PBS, permeablized
in 0.2% Triton X-100/PBS for 30 min, and washed again
Plasmid and recombinant virus construction
in PBS. Samples were incubated with 1% BSA in PBS
for 1 hr and washed in PBS. Subsequently, the primaryThe plasmid pAd5/HG, carrying the left terminal 0 to
7.7 map units of the Ad5 DNA, was obtained by inserting antibody mouse anti-adenovirus 2 E1A monoclonal anti-
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body (clone M73) or goat anti-adenovirus antibody at a
dilution 1:100 in 0.1% BSA/PBS was applied to the sam-
ples and incubated for 2 hr at 377 or overnight at 47. The
samples were washed in PBS and then incubated with
fluorescein-conjugated anti-mouse IgG (Cappel) or anti-
goat IgG (Vector Laboratories) secondary antibody at a
dilution 1:1000 in 0.1% BSA/PBS for 1 hr at room tempera-
ture. Finally, the samples were washed in PBS and
mounted in 90% glycerol–10% PBS containing 0.1% 1,4-
phenlyenediamine (Merck) and examined in a Nikon fluo-
rescent microscope.
RT–PCR analysis
Total RNA was extracted using the guanidinium thiocy-
anate method as described by Chomczynski and Sacchi
(1987). Twenty micrograms of RNA was transcribed with
5 units of AMV reverse transcriptase (HT Biotechnology)
at 427 for 60 min and 0.5 mg of oligo(dT) was used as
primer. The cDNA fragments were hybridized with a pair
of specific primers and amplified with Thermus brockia-
nus DNA polymerase (Finnzymes Oy). For the detection
of all E1A mRNA products, the forward 5* TTGAGTGCC-
AGCGAGTAGAG 3 * and reverse 5* GGCTCAGGTTCA-
GACACAGG 3 * primers were used for PCR reaction. Two
primer pairs derived from the E4 region were used for
the PCR reaction. One is the forward E4-L primer, 5*
TTGAGCTGGTGCCGTGTCGA 3 *, which is located in the
leader sequence of E4, and the reverse E4-ORF3 primer,
5*TGGCGTGGTCAAACTCTACA 3 *, which is located in
ORF3 of E4. The other primer pair is the forward E4-ORF6
primer, 5*CACGATCTCGGTTGTCTC 3 *, which is located
in ORF6 of E4, and the reverse E4-ORF7 primer, 5* TAT-
TCAACCTGCCACCTC 3 *, which is located in ORF7. FIG. 1. Kinetics of viral DNA replication in wild-type and mutant-
infected U937 cell lines. (A) U937 cells were infected with wild-type
Ad5 or mutant dl337 and viral DNA was harvested at different daysRESULTS
postinfection. Viral DNA was digested with HindIII and analyzed by
Southern blot using Ad5 DNA as a 32P-labeled probe. (B) The amountAd5 mutant dl337 replicates inefficiently in U937 cells
of viral DNA was determined by Computing Densitometer (Molecular
Dynamics) and plotted as absorbance versus days after infection.We have shown previously that wild-type Ad5 can in-
fect and replicate in human monocyte cell lines, but DNA
replication is not as efficient as that in HeLa cells. Addi-
dl337 was apparently much reduced compared with thattionally, infection by Ad5 resulted in persistent infection
of wild-type virus (Fig. 1A). The synthesis of wild-typeof monocytes (Chu et al., 1992). To further study the role
Ad5 DNA increased sharply after 2 days and reached aof viral early genes in the viral replication cycle in mono-
peak level at 4 days postinfection. In contrast, a smallcyte cell lines we analyzed the replication adenovirus E1
amount of dl337 DNA production reached a peak levelmutants in human monocytes.
at 2 days postinfection and decreased very soon on theWe used an Ad5 19K-defective mutant, dl337, which
third day. Quantitative analysis showed that Ad5 DNAcarries a 146-bp deletion in the E1B 19K coding region
increased 100-fold from 1 day postinfection to the peak(Pilder et al., 1984) to investigate the roles of 19K protein
level, but the dl337 DNA increased only 2-fold (Fig. 1B).in the infection of U937 cells. First, we compared the
The maximum DNA production of dl337 was reduced 20-amount of viral DNA accumulated in dl337- or Ad5-in-
fold compared with that of Ad5 in U937 cells.fected U937 cells. Viral DNA was isolated from 1 to 7
In Fig. 1B the amount of viral DNA of wild-type virusdays after infection, digested with HindIII, and then ana-
seems to reach a peak and decreases after 5 days post-lyzed by Southern blot. The results showed that the kinet-
infection. We believe that this is the result of continuousics of dl337 DNA replication was different from that of
Ad5 in U937 cells and the accumulation of viral DNA of loss of some cells in the aliquots used to assay viral
AID VY 8349 / 6a27$$$$$2 12-13-96 14:24:32 vira AP: Virology
298 HU AND HSU
frameshift mutation. Mutant dl402 carries a 60-bp dele-
tion in the E1B coding region located between nucleotide
sequence positions 1715 and 1774 of Ad5 DNA. This
deletion also destroys the initiation codon ATG of E1B
19K. Similar to dl337, mutants in401 (identical to the Ad5
in1 mutant described by Telling and Williams, 1993) and
dl402 do not disturb the AUG of the E1B 55K protein
reading frame which begins at nucleotide 2018, overlap-
ping the C-terminal of the 19K region. Normal expression
of the 55K protein has been previously reported for mu-
tants dl337 and in1 (Philder et al., 1984; Telling and Wil-
liams, 1993). These two 19K mutants, in401 and dl402,
have the same deg and cyt phenotypes in HeLa cells as
that of the dl337 mutant (data not shown). The DNA of
FIG. 2. Complementation of dl337 DNA replication by dl312 virus.
U937 cells were infected with wild-type Ad5, mutants dl312 and dl337,
and co-infection of dl312 and dl337, respectively. Viral DNA was har-
vested at different days postinfection and analyzed as described in the
legend to Fig. 1. The size of HindIII fragments characteristic of mutants
dl312 and dl337 are indicated by arrows.
DNA due to cells sticking to culture flasks during culture
and to feeding of cells as observed under the micro-
scope.
Inefficient dl337 replication results from a deficiency
of E1B 19K
To test whether the poor growth of dl337 in U937 cells
is due to E1B 19K deletion, U937 cells were doubly in-
fected with mutants dl337 and dl312. Mutant dl312 (Jones
and Shenk, 1979) carried a deletion in the E1A region
which is primarily responsible for transactivation of viral
gene expression. The dl312 mutant by itself could not
replicate in U937 cells (Fig. 2). However, upon co-infec-
tion with the dl337 mutant, both dl337 and dl312 could
replicate. These results suggest that the E1B of the dl312
mutant could complement the replication deficiency of
the dl337 mutant in U937 cells and vice versa.
To ascertain that E1B 19K deletion, and not other un-
known mutations, is responsible for the defect of replica-
tion of dl337 in U937 cells, we employed overlap recombi-
nation to reconstruct the E1B 19K sequence back into a
FIG. 3. Viral DNA synthesis in wild-type and various E1B 19K mutantdl337 virus background. The resulting recombinant virus
virus-infected U937 cell lines. (A) Map of E1B 19K mutation sites. Thedl501 (Fig. 3A) carrying the wild-type sequence in the
top line represents the nucleotide position of Ad5 DNA. The deletedE1B region is equivalent to dl309, the parental virus of
segments are indicated by heavy bars and insertion is indicated by a
dl337 (Pilder et al., 1984). The data presented in Fig. 3B triangle. Nucleotide sequences of wild-type and in401 around the initia-
showed that the DNA of dl501 can replicate as well as tion codon of the Ad5 E1B 19K reading frame are shown. The 19K
reading frame begins at nucleotide 1714, which is indicated by anwild-type in U937 cells.
arrow, and the initiation codon ATG is underlined. The inserted nucleo-In order to prove further the importance of E1B 19K in
tide of in401 is marked by a rectangle. (B) U937 cells were infectedviral DNA replication in U937 cells, two different E1B
with wild-type (Ad5 and dl501), 19K mutants (dl337, in401, and dl402),
19K mutations were created (Fig. 3A). Mutant in401 was and 19K mutants co-infected with dl312. Viral DNA was harvested at
produced by a single AT base pair insertion at the initia- 4 days postinfection and analyzed as described in the legend to
Fig. 1.tion codon ATG of the E1B 19K sequence, resulting in a
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Nevertheless, in order to rule out this possibility, we
followed the fate of wild-type and dl337-infected cells
through the infection period by immunostaining with anti-
E1A and anti-adenovirus antibodies. The percentage of
cells stained with E1A antibody was found to be 2.3% for
wild-type and 3.9% for dl337 at 24 hr postinfection and
then to remain approximately at this level throughout the
infection after correction for the increase of cell number
of uninfected cells. Although the percentage of cells ex-
pressing viral antigen is small due to lack of expression
of the second viral receptor in monocytes (see Discus-
sion) the percentage of cells expressing E1A is indistin-
guishable for the two viruses throughout the infection.
This analysis indicates that the majority if not all of the
U937 cells infected by dl337 virus are still alive at 48 hrFIG. 4. dl337 DNA synthesis could be rescued 4 days postinfection
postinfection. This result is consistent with the superin-by superinfection with dl312. U937 cells were infected with mutant
dl337 and half of the culture was superinfected with dl312 mutant at fection experiment; that the defect of DNA replication of
4 days postinfection. Viral DNA was harvested from mock- and superin- E1B mutant in U937 cells is not due to the premature
fected cells separately at 1 to 4 days after superinfection, i.e., 5 to 6 cell death induced by mutation in E1B 19K.days postinfection with dl337. The isolated viral DNAs were analyzed
We also examined the growth characteristics of dl337-as described in the legend to Fig. 1. The arrows indicate the HindIII
infected cells. Like wild-type Ad5-infected U937 cells,fragment unique to mutants dl312 and dl337, respectively.
dl337-infected cells did not display an unusual cytopathic
phenotype. In addition, dl337-infected U937 cells con-
in401 and dl402 could not replicate in U937 cells, but tinue to grow almost as fast as Ad5-infected or mock-
the replication deficiency could be complemented by co-
infected cells (Fig. 5). Although we could not exclude the
infection with the dl312 mutant, as in the case of the
possibility that a small fraction of dl337-infected cells die
dl337 mutant (Fig. 3B). These results indicate that a func-
prematurely, the results described above indicate that
tional E1B 19K is required for efficient Ad5 replication in
the defect of viral DNA synthesis in dl337-infected U937
U937 cells.
Inefficient dl337 replication is not due to the
cytopathic effect of the 19K mutant
Since adenovirus E1B 19K mutants cause enhanced
and unusual cytopathic effects in HeLa and KB cells
(Pilder et al., 1984; Subramanian et al., 1984b; White and
Stillman, 1987; Telling and Williams, 1993), the inefficient
DNA replication of dl337 in U937 cells might result from
the premature death of the infected cell before viral DNA
is sufficiently replicated. However, U937 is known to ex-
press substantial amounts of bcl-2 gene product (Finke
et al., 1992; Vanhaesebroeck et al., 1993) which has been
shown to prevent cell apoptosis due to E1B 19K mutation
(Rao et al., 1992; Nguyen et al., 1994; Chiou et al., 1994;
Boyd et al., 1994; Subramanian et al., 1995a,b). Therefore,
the dl337 mutant would not be expected to cause
apoptosis in U937 cells. Furthermore, dl337 DNA replica-
tion could be rescued by superinfection with dl312 at 4
days postinfection with dl337 (Fig. 4), indicating that a
substantial number of dl337-infected cells were still alive
and could be superinfected by dl312 at 4 days postinfec-
tion. dl337 and dl312 viral DNA could be seen to raise
to the plateau level at 2 days post-superinfection, similar
to the kinetics of viral DNA synthesis in wild-type infected
FIG. 5. Growth rate of U937 cells infected with Ad5 and dl337. U937
cells. These results indicate the majority of dl337-in- cells were mock-infected or infected with wild-type Ad5 or mutant dl337.
fected cells were still alive at 4 days postinfection, to be Cells were seeded at an initial density of 5 1 104 cells/ml and cell
number was counted from 1 to 5 days after infection.superinfected by the complementing dl312 virus.
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cells is unlikely to be due to premature cell death as a
result of E1B 19K mutation.
Early viral RNA splicing patterns in dl337-infected
U937 cells
As shown above, a small amount of dl337 DNA could
be synthesized 2 days after infection and it then declined
at the third day. In addition, a defect in viral DNA replica-
tion in the dl337-infected cells could be rescued by su-
perinfection with mutant dl312. Since early genes are
needed for viral DNA replication, we examined whether
alterations in early gene expression were responsible
for the defective DNA replication of E1B 19K mutants in
U937 cells. We compared the mRNA pattern of early gene
transcription of Ad5 and dl337 in U937 cells. Total RNA
was isolated from Ad5- and dl337-infected U937 cells at
Days 2 and 4 and then subjected to RT–PCR analysis.
RNA samples obtained from 4 hr (early infection) and 24
hr (late infection) postinfection in Ad5-infected HeLa cells
FIG. 6. RT–PCR analysis of the E1A region. (A) Physical map of Ad5were included for comparison.
E1A mRNAs and coding region. The top line represents the map unitsThe Ad5 E1A region encoded five mRNAs, the 13S,
of the Ad5 genome in the E1 region. Five mRNAs, indicated by lines,
12S, 11S, 10S, and 9S products which are produced by are produced by alternative splicing. Introns are indicated by carets
alternative splicing (Stephens and Harlow, 1987; Ulfen- and coding regions are indicated by open boxes. A pair of 20-nucleotide
primers used for RT–PCR as described under Materials and Methodsdahl et al., 1987). Two E1A-specific primers were used
are indicated by arrows and the sizes of RT–PCR products for Ad5to detect all E1A mRNAs by RT–PCR analysis and the
DNA and five mRNAs are indicated on the right. (B) Total RNA waspredicted sizes of PCR products are shown in Fig. 6A.
isolated from Ad5-infected HeLa cells or mock-, Ad5-, and dl337-in-
As shown in Fig. 6B in the left two lanes, the E1A mRNAs fected U937 cells at the indicated times. The isolated RNA was tran-
accumulated with different kinetics during the productive scribed by reverse transcriptase with oligo(dT) as primer and then
amplified by Thermus brockianus DNA polymerase with primers indi-infection in HeLa cells, similar to that reported previously
cated in (A). The RT–PCR products were separated in 5% polyacryl-(Spector et al., 1978; Esche et al., 1980; Ulfendahl et al.,
amide gels and stained with ethidium bromide. Lane M is the 123-bp1987). The 13S and 12S mRNAs were the major species
DNA size maker and the expected RT products are indicated by arrows.
expressed at the early time, whereas the 9S mRNA was
the most abundant species during the late time. The 10S
mRNA appeared at the late time, but the 11S mRNA was Two primer pairs derived from the E4 region were used
for the RT–PCR analysis. The primers E4-L and E4-ORF3not detected in this assay. In Ad5-infected U937 cells,
9S mRNA was the major E1A mRNA species produced (primers a and b in Fig. 7A) could produce three distinct
classes of amplified DNA product from mRNA species Aat 2 and 4 days postinfection, but some 13S and 12S
mRNAs were also produced (Fig. 6B). In contrast, the to E (Fig. 7A). The data shown in Fig. 7B revealed that the
1105-bp fragment was only detected during the late phasemain E1A mRNA species produced in dl337-infected
U937 cells at 4 days postinfection were the 13S and 12S of lytic cycle in HeLa cells and the results were similar to
previous reports by Dix and Leppard (1993). This latemRNAs (Fig. 7B). Thus, the E1A expression pattern in
Ad5- and dl337-infected U937 cells differs substantially phase 1105-bp fragment was detected at low level in the
Ad5-infected U937 cells but was barely detectable in thefrom that in HeLa cells and the pattern of dl337 also
differs from that of wild-type virus in U937 cells. The dl337-infected U937 cells. The other primer pair, E4-ORF6
and E4-ORF7 (primers c and d in Fig. 7A), amplified twopattern observed in dl337-infected U937 cells resembles
that in HeLa cells during early infection. This is consis- different lengths of fragment, 1107 and 396 bp. Both prod-
ucts were found during the early phase of lytic infection.tent with the observation of defective viral replication in
dl337-infected U937 cells. Whether the persistence of However, the level of the larger fragment was greatly re-
duced during the late phase of the lytic cycle in HeLa13S and 12S species in adenovirus-infected U937 cells
is related to persistent infection remains to be studied cells (Fig. 7). The reduced ratio of large to small fragments
was observed in Ad5-infected U937 cells. However, thein the future.
We also examined the E4 gene expression in Ad5- and 1107-bp PCR product persisted in dl337-infected U937
cells even at 4 days postinfection and the ratio of the twodl337-infected U937 cells. The E4 region produces 18 to
24 different mRNAs, as shown in Fig. 7A (Tigges and fragments is similar to that found in early lytic infection.
These results indicate that the pattern of adenovirus earlyRaskas, 1984; Virtanen et al., 1984; Dix and Leppard, 1993).
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FIG. 7. RT–PCR analysis of E4 region. (A) Physical map of Ad5 E4 mRNAs and coding region (adapted from Dix and Leppard, 1993). The top
line represents the map units of the Ad5 genome in the E4 region. Thirteen mRNAs, indicated by lines, are presented and named A to M. The
coding regions are indicated by open boxes. The four primers used for RT–PCR as described under Materials and Methods (a, E4-L; b, E4-ORF3;
c, E4-ORF6; d, E4-ORF7) are indicated by arrows and the sizes of RT–PCR products for mRNAs are indicated on the right. Total RNA was isolated
from Ad5-infected HeLa cells or mock-, Ad5-, and dl337-infected U937 cells at the indicated times. The isolated RNA was transcribed by reverse
transcriptase with oligo(dT) as primer and then amplified by Thermus brockianus DNA polymerase with primers a and b (B) or primers c and d (C).
The RT–PCR products were separated on 2% agarose gels and stained with ethidium bromide. Lane M is the 123-bp DNA size maker and the
expected RT–PCR products are indicated by arrows.
gene expression in dl337-infected U937 cells did not lines. The behavior of THP-1 cells, a monocytic leukemia
cell line, and of a HL-60 cell line which is a promyelocyticchange into the late lytic infection pattern. This is consis-
tent with previous experiments which have shown that the leukemia cell are found to be similar to that of U937
with respect to infection by wild-type and dl337 viruses.late proteins were produced in only a very small popula-
tion of the dl337-infected U937 cells. However, another HL-60 cell line in our laboratory failed
even to support replication of wild-type virus. The reasonThe E2A and E3 gene expression was also examined
by RT–PCR analysis. Both E2A and E3 mRNAs could be for the difference between the two HL-60 cell lines is not
known at the present time.detected in Ad5- and dl337-infected U937 cells. The
amount and pattern of amplified DNA product from E2A
mRNAs were similar in Ad5- and dl337-infected U937 cells DISCUSSION
(data not shown). However, the amount of E3 mRNAs
During our investigation of the role of adenovirus earlyproduced in dl337-infected U937 cells is less than that
genes in the infection of human monocytes we found thatproduced in Ad5-infected U937 cells (data not shown).
viruses lacking the E1B 19K protein failed to synthesize
Poor replication of E1B 19K mutants in other human appreciable amounts of viral DNA in several monocyte
monocyte cell lines cell lines tested, but the maximal and complete DNA
replication could be rescued by co-infection with dl312U937 is a human monocyte cell line and we also exam-
ined the DNA replication of dl337 in other monocyte cell mutant which supplied a functional 19K protein in trans.
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Furthermore, replacing the deleted E1B 19K sequence cate in these cells. However, the production of mature
virus particles is restricted in the infected cells. Our ob-in the dl337 DNA background reversed viral DNA replica-
tion deficiency in monocytes. Reintroduction of two differ- servation that late antigen was expressed mainly in the
cytoplasm of the wild-type virus-infected cells may ex-ent mutations in the E1B 19K gene again resulted in a
defect of viral DNA replication. These results indicate plain the observed defect in virus production. On the
other hand, the dl337-infected cells that expressed thethat the E1B 19K protein is required for efficient adenovi-
rus DNA replication in human monocyte cell lines that early genes were found to be defective in viral DNA
replication or the expression of viral late genes. There-we have tested. Despite a defect in viral DNA replication,
viral early genes were expressed in U937 infected by fore, there are several steps in restricting adenovirus
replication in human monocytes, namely, a low amount ofmutant viruses, but the viral RNA splicing patterns sug-
gested that the mutant virus early gene expression differs presumably fiber-dependent receptor (Chu et al., 1992), a
low amount of penton base-dependent integrin of virusfrom that of wild-type virus in monocyte cell lines. These
observations imply that E1B 19K product is either directly internalization, and restriction of late gene expression or
transport.or indirectly involved in some steps of viral DNA replica-
tion and viral early gene expression. When we assayed the replication efficiency of mutant
dl337 in B cell lines, we found that the DNA of the dl337The inefficient replication and defect of viral DNA repli-
cation of dl337 in U937 cells could be due to an early mutant could replicate as well as wild-type Ad5 in Raji
and with 30–50% efficiency in WIL2-NS cells (a non-and severe cytopathic effect of E1B 19K mutants that
results in premature cell death. We believe this is rather immunoglobulin secreting B lymphocyte cell line). How-
ever, a lymphoma Ramos cell line could support theunlikely based on the following facts: (1) Cells infected
by dl337 continued to grow almost as fast as the control growth of wild-type virus but not E1B 19K mutants like
U937 and THP-1 cells (data not shown). It indicated thatuninfected cells; (2) the percentage of cells expressing
E1A examined by immunofluorescent study is the same the requirement of E1B 19K for viral DNA replication is
cell type-specific. It is possible that either the permissivefor-wild type and dl337-infected cell cultures throughout
the infection period up to 4 days postinfection; (3) dl337 cells contain a cellular factor or factors that could substi-
tute for 19K function or an inhibitory factor which 19Kcould be rescued at 4 days postinfection by superinfec-
tion with dl312, an E1A mutant; (4) intact viral mRNA counteracts is absent in the permissive cells. Bcl-2 has
been reported to substitute for the function of E1B 19Kspecies could be observed in dl337-infected U937 cells
at 4 days postinfection (Figs. 6 and 7). If the majority of protein in the suppression of cell death and in the trans-
formation of primary rodent cells in cooperation with E1Adl337-infected cells die prematurely so that no viral DNA
accumulation was observed then we should not have (Rao et al., 1992; Chiou et al., 1994; Subramanian et al.,
1995a,b). In addition, some 19K-interacting proteins alsodetected the same percentage of E1A expressing cells
in dl337-infected as in wild-type virus-infected cultures interact with bcl-2 protein (Boyd et al., 1994). However,
U937 and Ramos cells express endogenous bcl-2 geneand no rescue by complementation with dl312 would be
possible. Furthermore, U937 cells have been shown to (Finke et al., 1992; Vanhaesebroeck et al., 1993). Thus it
appears unlikely that bcl-2 is the cellular factor that per-express substantial amounts of bcl-2 which has been
shown to prevent E1B mutation-induced cytopathic effect mits viral DNA replication. Whether overexpression of
bcl-2 is required for complementing the function of 19K in(Rao et al., 1992; Nguyen et al., 1994; Chiou et al., 1994;
Boyd et al., 1994; Subramanian et al., 1995a,b). Based on DNA replication is not known. Ramos is an EBV-negative
Burkitt lymphoma cell line and Raji is an EBV-positivethese arguments we believe that E1B 19K product is
involved in the viral DNA replication in U937 and other Burkitt lymphoma cell line. Unlike Ramos cells, Raji cells
could support the growth of the 19K mutant. Whethermonocyte cell lines.
During the immunofluorescent analysis of viral anti- EBV gene products could substitute for E1B 19K protein
remains to be determined. Our preliminary analysis ofgens in dl337- and wild-type virus-infected U937 cells,
we found that only a small fraction of cells infected by dl337 DNA replication in Ramos superinfected with EBV
did not support the hypothesis that EBV gene productsboth wild-type and dl337 viruses expressed E1A antigen.
The reason that only a small percentage of infected cells produced during acute infection could complement E1B
19K mutation of adenovirus.expresses the immediate viral antigen is probably due
to the deficiency of expression of avb3 and avb5 inte- It was previously reported that some viruses, including
herpes simplex virus type 1 (HSV-1) (Kemp et al., 1990;grins in monocytes/macrophages including U937 (Prieto
et al., 1994). These integrins are required for the penton Tenney and Morahan, 1991), dengue virus (O’Sullivan
and Killen, 1994), visna virus (Gendelman et al., 1986),base-dependent internalization of adenovirus through
clathrin-coated vesicles (Wickham et al., 1993, 1994; Hu- and human cytomegalovirus (Weinshenker et al., 1988),
could be stimulated to replicate when the monocytesang et al., 1995; Goldman and Wilson, 1995). Although
the percentage of U937 cells permissive for adenovirus were induced to differentiate. We also tested whether
induction of differentiation of U937 cells by treatmentinfection is small, the wild-type adenovirus could repli-
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